Abstract Overload principle of training states that training load (TL) must be sufficient to threaten the homeostasis of cells, tissues, organs and/or body. However, there is no ''golden standard'' for TL measurement. The aim of the present study was to investigate if post-exercise heart rate variability (HRV) could be used to evaluate TL of interval running exercises with different intensities and durations. Thirteen endurance-trained men (35 ± 5 years) performed MO 250 [moderate intensity, 2 9 6 9 250 m/rec 30 s/5 min at 85% of the maximal velocity of the graded maximal test (V max )], MO 500 (2 9 3 9 500 m/rec 1 min/ 5 min at 85% V max ) and HI 250 (high intensity, 2 9 6 9 250 m/rec 30 s/5 min at 105% V max ) interval exercises on a treadmill. HRV was analyzed during rest, exercise and immediate 15 min recovery. Fast recovery of LFP (P \ 0.001), HFP (P \ 0.01) and TP (P \ 0.01) occurred during the first two recovery minutes after each exercise. Strong negative correlations (P \ 0.01) were found between post-exercise HRV and perceived exertion as well as excess post-exercise oxygen consumption. Postexercise HRV differentiated interval exercises of equal work, but varying intensity or distance of running bout. The results of the present study suggest that immediate post-exercise HRV may offer objective information on TL of interval exercises with different bout durations and intensities.
Introduction
To improve performance, overload principle of training must be carried out. This principle states that training load (TL) must be sufficient to threaten the homeostasis of cells, tissues, organs and/or body. TL of interval exercises consists of the combination of exercise intensity and duration, number of running bouts and recovery duration between bouts. However, at present there is no standard method to measure TL. It has previously been estimated e.g. with the rating of perceived exertion (RPE, Borg 1982) . RPE has been found to correlate with the level of cardio-respiratory and metabolic demand (Noble 1982; Skinner et al. 1973) , and to integrate various information, like signals from the central nervous system (Borg 1982) . Another parameter used in TL estimation has been excess post-exercise oxygen consumption (EPOC). Exercise intensity has been shown to have a curvilinear relationship to EPOC, whereas the effect of exercise duration has been found more linear (Børsheim and Bahr 2003) . In addition to above-mentioned TL parameters, indices like session RPE (Foster 1998) and Training impulse (TRIMP, Banister 1991) have also been introduced in TL analysis. Heart rate variability (HRV) at rest (Akselrod et al. 1981; Cacioppo et al. 1994 ) and during recovery from physical exercise (Martinmäki et al. 2006b ) has been suggested to be mainly modulated by fluctuations in vagal nerve activity. When analyzing HRV during transiently changing RR interval (RRI) signal, e.g. immediately after exercise, stationarity requiring methods cannot be used. Short-time Fourier transform (STFT) allows detection of HRV dynamics at any given time (Elsenbruch et al. 1999) and it has also been proved to detect fast changes in vagal activity (Keselbrener and Akselrod 1996; Martinmäki and Rusko 2008) . STFT has been used in a few studies to investigate HRV during exercise (Pichon et al. 2004 ) and during immediate recovery (Kaikkonen et al. 2007 (Kaikkonen et al. , 2008 (Kaikkonen et al. , 2010 Martinmäki and Rusko 2008) .
During past few years, immediate post-exercise HRV has been investigated after constant load exercises (Casties et al. 2006; Goldberger et al. 2006; Kaikkonen et al. 2007 Kaikkonen et al. , 2008 Martinmäki and Rusko 2008) and to some extent after interval exercises (Buchheit et al. 2007; Kaikkonen et al. 2008) . The results indicate a significant delay in immediate post-exercise HRV recovery after moderate-to high-intensity exercises when compared to exercises at a low to moderate intensity (Buchheit et al. 2007; Kaikkonen et al. 2007 Kaikkonen et al. , 2008 Kaikkonen et al. , 2010 Martinmäki and Rusko 2008; Seiler et al. 2007 ).
In addition to exercise intensity, the duration of exercise is also known to have an effect on physiological strain and TL of exercises (e.g. Vuorimaa et al. 2000) , as well as on post-exercise HRV recovery. In our recent study (2010), after a 14-km constant load run at 60% of VO 2max , RPE and blood lactate were higher than after a 3-km run at the same intensity. In addition, post-exercise HRV was lower after the 14-km run when compared to the 3-km run. Vuorimaa et al. (2000) have found that physical strain (oxygen uptake, blood lactate accumulation and heart rate) of welltrained runners increased when the running bout of intermittent exercise of 14 9 60 s (rest 60 s) was doubled to 7 9 120 s (rest 120 s) at the velocity associated with VO 2max .
The relationship between immediate post-exercise HRV and TL of a single interval exercise has not, to our knowledge, been investigated. According to our recent study (Kaikkonen et al. 2010) , post-exercise HRV was found to have a strong negative relationship with the traditional TL parameters, RPE and EPOC, and HRV also offered additional information on TL by separating constant load exercises with different durations.
The aim of this study was to examine if any post-exercise heart rate variability (HRV) indices could be used to evaluate TL of interval exercises with different intensities and running bout durations. More specifically, the aim was to find out whether the changes in duration or intensity of running bout would affect post-exercise HRV. Because a strong relationship between post-exercise HRV and training load parameters in constant load exercises was found in our recent study (Kaikkonen et al. 2010) , we hypothesized that post-exercise HRV after interval exercises is also related to EPOC and RPE.
Methods
Thirteen recreational level distance runners, whose aim was to run a marathon within 6 months, volunteered to participate in this study. All of them had completed 4 (±1) training sessions per week during the last 2 months, and all except one had run at least one marathon during the last few years. The subjects were selected for the study if they were low risk participants according to the ACSM (American College of Sports Medicine 2006) guidelines. In general, there is no risk of cardiovascular events provoked by low-to moderate-intensity exercise, but by selecting the subjects classified as low risk, also higher than moderate intensities may be pursued safely. The descriptive and performance characteristics of the subjects are presented in the Table 1. The subjects gave a written informed consent to participate and they had a right to withdraw from the study at any time. The study was approved by the ethics committee of the University of Jyväskylä.
Graded maximal treadmill test
Maximal oxygen uptake (VO 2max ) of each subject was assessed by a graded maximal treadmill test. This test consisted of an initial speed of 8 km h -1 (gradient 0.5°) followed by increments of 1 km h -1 every 3 min until exhaustion. Breath-by-breath data of oxygen uptake (VO 2 ) and carbon dioxide production (VCO 2 ) (Oxycon Mobile, Viasys Healthcare GmbH, Hoechberg, Germany) as well as 
Controlled exercise protocol
The three interval exercises on a treadmill were: moderateintensity (85% V max ) exercise (MO 250 ) of 2 9 6 9 250 m with recovery period of 30 s between 250 m running bouts and 5 min between the sets, moderate-intensity (85% V max ) exercise (MO 500 ) of 2 9 3 9 500 m/rec 1 min/5 min, and high-intensity exercise of 2 9 6 9 250 m/rec 30 s/5 min at 105% V max (HI 250 ). MO 250 was used as the baseline exercise, to which the increase of either running bout distance or intensity was compared. Exercises were performed in a random order on three different days, separated by at least 2 days. The subjects were asked to refrain from intense physical exertion for 2 days, and from alcohol consumption for 1 day prior to controlled exercises, and to avoid caffeine during the test day. The controlled exercises were carried out on a treadmill (gradient 0.5°) at the speed individually calculated for each subject. Each session consisted of a 5-min sitting baseline measurement, 1-km warm up run at the velocity of 60% of V max , interval exercise and a 15-min controlled recovery in sitting position. Moving and talking was prohibited during the baseline and recovery measurement.
HRV measurements R-R intervals were recorded (Suunto t6 heart rate monitor, Suunto Oy, Vantaa, Finland) continuously during the sessions with a sampling frequency of 1,000 Hz. RRI data was transferred to computer with Suunto Training Managersoftware (Suunto Oy, Vantaa, Finland). Further signal processing and HRV calculations were performed with Matlab-software (Matlab 7, MathWorks, Inc., Natick, USA). RRIs were checked and edited for artefacts using a detecting algorithm and subsequently verified by visual inspection. The RRI series were then resampled at a rate of 5 Hz using linear interpolation to obtain equidistantly sampled time series. In order to remove low frequency trends and variances below and above interest, a polynomial filter and a digital band-pass filter were used. Since the RRI time series were not stationary during the recovery, conventional spectral analysis could not be used.
Therefore, the STFT method, an extension of FFT, was used for HRV time-frequency analysis (Keselbrener and Akselrod 1996) . The STFT method provides time-frequency decompositions of the consecutive RRI time series by calculating consecutive power spectra of short sections of the signal. A section of 512 samples was multiplied by the Hanning window function and the fast Fourier transform of their product was taken. The window was then shifted one sample forward and the same calculations were performed until the whole RRI time series, baseline, exercise and recovery were covered. Low frequency power (LFP, 0.04-0.15 Hz), high frequency power (HFP, 0.15-1.0 Hz) and total power (TP, 0.04-1.0 Hz) were calculated as integrals of the respective power spectral density curve. The frequency limit of 1.0 Hz for HFP was used to include the respiratory frequency during exercise and recovery into the analysis. In order to meet the assumptions of parametric statistical analysis, spectral powers were expressed in natural log transformed values (LFP ln , HFP ln , TP ln ). A 4-min average was calculated during the pre-exercise sitting. Averages of 30 s were used in statistical analysis during the exercise and 60 s during the recovery minutes 1-5 and 15. Based on our previous study (Kaikkonen et al. 2010) , the averages for initial 120 s (HFP 120 , LFP 120 , TP 120 ), 180 s (HFP 180 , LFP 180 , TP 180 ) and 300 s (HFP 300 , LFP 300 , TP 300 ) of the recovery were also calculated to find out the necessary time period for detecting the HRV-recovery differences between exercises.
Training load parameters
Breath-by-breath VO 2 and VCO 2 (Oxycon Mobile, Viasys Healthcare GmbH, Hoechberg, Germany) was measured continuously during the sessions. Averages of 30 s were used in statistical analysis. EPOC was calculated for the entire 15-min recovery. Rating of perceived exertion (RPE, scale 0-10?, Borg 1982) and fingertip blood samples for blood lactate (BLa) analysis (Biosen S_line Lab?, EKF-diacnostic GmbH, Barleben, Germany) were obtained immediately after the exercise. Training impulse (TRIMP) = ðexercise duration (min) Â ðHR exercise À HR rest Þ=ðHR max À HR rest Þ Â 0:64 Â e ½1:92ÂðHR exercise ÀHR rest Þ=ðHR max ÀHR rest Þ Þ, where e = Naperian logarithm having a value of 2.712) was calculated according to Banister 1991. TRIMP includes both exercise and recovery periods. In addition, individual TRIMP (TRIMP i ) according to Manzi et al. (2009) 
Physiological and training load parameters for interval exercises
All training load parameters, excluding TRIMP, were higher (P \ 0.05) in HI 250 when compared to MO 250 . In addition, HR, VO 2 and BLa were higher (P \ 0.01) in MO 500 when compared to MO 250 . There were no differences in EPOC, RPE, TRIMP or TRIMP i between MO 250 and MO 500 . Results of training load parameters are presented in Table 2 .
Relationship between HRV and training load variables There were significant relationships between post-exercise HRV and training load parameters. When all three exercises were included, both RPE and EPOC of the exercises correlated negatively (P \ 0.001) with post-exercise TP. A strong negative correlation also existed between RPE and HFP (P \ 0.001). Furthermore, BLa and TRIMP correlated strongly with post-exercise TP. The results of correlations were parallel when 60 s, 120 s or 180 averages of HRV were used. The correlations are presented in Table 3 .
HR and HRV recovery dynamics after interval exercises
The main effects of exercise (P \ 0.001) and recovery time (P \ 0.001), as well as their interaction (P \ 0.05) were significant for HR, LFP, HFP and TP. The successive HR values decreased (P \ 0.05) during each minute of the 5-min recovery after each exercise. In addition, HFP ln (P \ 0.01), LFP ln (P \ 0.001) and TP ln (P \ 0.01) increased during the first two recovery minutes after each exercise (Fig. 1) .
When comparing the different durations of post-exercise HRV between exercises, the averages of 3-and 5-min recovery (LFP 180 , TP 180 , HFP 300 and TP 300 ) were lower (P \ 0.05) after MO 500 when compared to MO 250 , as presented in Fig. 2 . Speed (km h -1 ) 13.5 ± 0.7 13.5 ± 0.7 16.7 ± 0.9
Duration (exercise/total) (min) 13.3 ± 0.7/23.7 ± 1.5 13.3 ± 0.7/22.5 ± 1.2 10.6 ± 0.6/21.2 ± 0.8 Distance (m) 3,000 3,000 3,000 HR peak (bpm) 153 ± 9 162 ± 9*** 171 ± 6*** HR peak (% of HR max ) 8 2 ± 3 8 8 ± 4*** 92 ± 4*** VO 2peak (ml kg -1 min -1 ) 43.8 ± 1.8 48.6 ± 3.4*** 51.5 ± 3.2*** VO 2peak (% of VO 2max ) 8 3 ± 3 9 2 ± 4*** 97 ± 5*** BLa peak (mmol l -1 ) 2.7 ± 1.0 3.6 ± 1.6** 9.1 ± 3.5*** EPOC (ml kg 46.7 ± 6.5 49.4 ± 8.1 80.3 ± 16.4*** RPE (0-10?) 4.3 ± 1.6 4.7 ± 2.3 6.9 ± 2.5*** TRIMP 19.8 ± 3.4 19.2 ± 3.3 22.0 ± 3.5 TRIMP i 15.1 ± 6.2 15.7 ± 6.7 22.5 ± 11.8**
MO 250 moderate-intensity exercise of 2 9 6 9 250 m at 85% V max , MO 500 moderate intensity exercise of 2 9 3 9 500 m at 85% V max , HI 250 high intensity exercise of 2 9 6 9 250 m at 105% V max , HR peak heart rate at the end of the exercise, VO 2peak VO 2 at the end of the exercise, BLa peak blood lactate at the end of the exercise, EPOC excess post-exercise oxygen consumption, TRIMP training impulse, TRIMP i individual TRIMP according to Manzi et al. (2009) . Different from MO 250 * P \ 0.05, ** P \ 0.01, *** P \ 0.001
At the end of the 15-min recovery, all HRV parameters, except LFP ln after MO 500 , were lower (P \ 0.05) than at rest before exercises. In addition, the differences between exercises remained further, as HR was higher and LFP, HFP and TP were all lower in HI 250 and also in MO 500 when compared to MO 250 .
Discussion
The main purpose of the present study was to find out if any post-exercise HRV indices could be used to evaluate TL in interval exercises with different running bout intensities and durations. Three-and five-minute averages of post-exercise HRV were found to differentiate the present interval exercises, MO 250 and MO 500 , with different durations of running bouts. We also observed a strong relationship between post-exercise HRV and RPE as well as between post-exercise HRV and EPOC.
Effects of the intensity of running bout on post-exercise HRV
In the present study, the fast recovery of LFP ln , HFP ln and TP ln occurred during the first 2 min after each exercise, similarly to previous studies (Kaikkonen et al. 2007 (Kaikkonen et al. , 2010 . After 2 min, LFP ln , HFP ln and TP ln increased at a more gradual rate toward the pre-exercise baseline values, but did not reach the baseline levels during the 15-min recovery, except LFP ln after MO 500 . The slightly higher resting HR and lower HRV before HI 250 is probably due to pre-exercise excitement since the subjects were not used to such exercises. The finding of significantly lower HRV after high-intensity interval exercise was expected based on previous HRV studies using constant load exercises (Buchheit et al. 2007; Casties et al. 2006; Goldberger et al. 2006; Kaikkonen et al. 2007 Kaikkonen et al. , 2008 Kaikkonen et al. , 2010 Rusko 2008, Seiler et al. 2007) , in which the intensity of exercise has been the major factor defining post-exercise HRV during immediate or long-term recovery.
Immediate HRV recovery after interval exercises has been investigated only in a few studies. In our recent study, we found no significant recovery of HFP during the first 5 min of the recovery after 7 9 3 min interval exercise at 85% and at 93% of V max , but LFP and TP increased significantly during the first 5 min (Kaikkonen et al. 2008 ). In addition, there was a tendency of increasing HFP during the first few minutes. The subjects were endurance athletes with better VO 2max than the present subjects, and their longer exercise periods at high intensity probably explain the slight differences in the results. Similar results to ours (2008) have also been reported by Buchheit et al. (2007) , who found two different high-intensity sprint exercises to cause impaired parasympathetic reactivation during the first few minutes of the recovery.
Effects of duration of the running bout on post-exercise HRV
The effects of the duration of interval running bout on immediate post-exercise HRV have, to our knowledge, not been investigated. The previous studies using constant load exercises have shown that increase in exercise duration at moderate or high intensity causes impairment of parasympathetic reactivation Kaikkonen et al. 2010) . In the present study, we doubled the running bout from 250 to 500 m at the intensity of 85% V max. At the same time, the number of bouts was reduced by half, in addition to doubling the time of recovery between bouts, so that the total work and duration were the same in both exercises. Despite almost similar minute-by-minute HRV recovery dynamics after exercises, the results of 3-and 5-min averages of post-exercise HFP and TP brought out differences, although minor, between the two moderateintensity exercises having different exercise duration. HFP 60 mean HFP during the first recovery minute, HFP 120 mean HFP during the first two recovery minutes, HFP 180 mean HFP during the first three recovery minutes, TP 60 mean TP during the first recovery minute, TP 120 mean TP during the first two recovery minutes, TP 180 mean TP during the first three recovery minutes. * P \ 0.05, ** P \ 0.01, *** P \ 0.001
Training load and HRV
We recently investigated the relationship between TL parameters and post-exercise HRV in constant load exercises with different intensities and durations and found strong negative correlations between post-exercise HRV and RPE after constant load exercises at 60-85% of V max (Kaikkonen et al. 2010) . RPE has been used to measure the Fig. 1 The recovery dynamics of HR (a), LFP (b), HFP (c) and TP (d). MO 250 moderateintensity exercise of 2 9 6 9 250 m at 85% V max , MO 500 moderate-intensity exercise of 2 9 3 9 500 m at 85% V max , HI 250 high-intensity exercise of 2 9 6 9 250 m at 105% V max . Different from MO 250 a P \ 0.05, aa P \ 0.01, aaa P \ 0.001. Different from the previous minute *P \ 0.05, **P \ 0.01, ***P \ 0.001 intensity of exercise (Borg 1982) but as a subjective parameter, it also takes the duration of exercise into account. The results of the present study are in agreement with the findings of a recent study (Kaikkonen et al. 2010) , since post-exercise HRV correlated in the present study strongly negatively with the traditional TL parameters, RPE and EPOC.
Al Haddad et al. (2009) have investigated correlations between blood lactate levels and post-exercise HRV. They investigated nocturnal HRV at the second night after a supramaximal intermittent exercise (15 s running periods at 120% of vVO 2peak ) and found correlations between vagal-related indices and blood lactate level after exercises.
The present study protocol was designed to have the same total running distance in each exercise. As expected, the higher intensity of exercise increased significantly each TL parameter. Also, doubled running distance was found to increase HR, VO 2 and BLa significantly. However, no effect of doubled running distance on 15-min EPOC, TRIMP or RPE was found. HRV results were different compared to the traditional TL parameters RPE and EPOC, since HRV showed some differences between MO 250 and MO 500 . Because EPOC has been found to last for several hours after moderate-or high-intensity exercises (Børsheim and Bahr 2003) , longer than the present 15-min measurement of EPOC might have given different results. Gore and Withers (1990) have reported that intensity is the major determinant of EPOC, and that the duration of the exercise affects EPOC when exercise intensity of 50% of VO 2max is exceeded. In addition, McGarvey et al. (2005) investigated the effects of continuous (30-32 min at 65% VO 2max ) and interval (7 9 2 min at 90% VO 2max ) cycling exercises with equal total work on 2-h post-exercise EPOC, and found no significant differences between exercises despite the differences in other parameters, e.g. HR and respiratory exchange ratio. The differences in the duration of intervals in the present study were relatively small, and could not be detected in EPOC despite the moderate exercise intensity.
On contrary to our study, Vuorimaa et al. (2000) found that increased duration of running bout caused significant differences in physiological strain of exercises, despite the longer resting period between bouts. The exercises in the study of Vuorimaa et al. were performed at the high intensity (100% of VO 2max ), and therefore the duration of exercise had greater effect on TL compared to lower intensity exercises (85% of V max ) as in the present study.
Interpretation of findings
The goal of training is to obtain sufficient TL to disturb the whole autonomic homeostasis of body, which contains both sympathetic and vagal activities. Although there is no ''gold standard'' to measure TL, EPOC may be used as a reference method as a physiological parameter. In addition, RPE has been found to correlate with the level of cardiorespiratory and metabolic demand (Noble 1982; Skinner et al. 1973 ) and therefore has been used as a ''reference'' also. However, the measurement of EPOC requires laboratory conditions, and therefore it cannot be used in everyday training. Subjective RPE is practical and easy to use in everyday training, but it is not a physiological parameter.
In order to find out an objective physiological parameter to estimate TL, different HRV parameters were examined in the present study. As expected, increased intensity of exercise decreased immediate post-exercise HRV. Some differences were also found after increased duration of the running bout. Despite the statistical significance, the differences caused by increased duration were minor, and the clinical relevance of these differences in TL estimation is unknown. TL is determined by the combination of exercise intensity and duration, but the exact effect of a particular combination depends e.g. on training status. Athletes can perform strenuous exercises, i.e. exercises with high TL, without significant changes in autonomic regulation, whereas smaller TL may cause significant disturbance of homeostasis in sedentary subjects. Based on the present results, it seems that 5-min follow-up after exercises might be enough to differentiate exercises with different TL. The present study does not introduce yet any specific method or tool for athletes and coaches, but suggests that HRV may offer objective information on TL of interval exercises. Autonomic nervous system (ANS) regulates homeostatic functions of the body (Porges 1992) , including cardiovascular function during exercise and recovery. It is quite well established that high frequency power (HFP) of HRV at rest (Berntson et al. 1993) , and also during recovery (Martinmäki et al. 2006a ) is modulated essentially by fluctuations in the vagal branch of the ANS. The origin of LFP is more complex, and it does not provide a specific index of either vagal or sympathetic control of HR. As total power of HRV includes both low and high frequency bands, it might represent best the whole autonomic modulation of the body after exercise.
In the present study, the results of HR and HRV recovery were quite similar. Possible mechanisms for the fast changes in cardiac autonomic modulation after exercise cessation include e.g. fast changes in cardiac pre-load, after-load and contractility of the heart (Miles et al. 1984; Plotnick et al.1986 ). Together with the loss of central command and baroreflex activation, these mechanisms contribute to fast vagal reactivation after exercise cessation (e.g. Oida et al. 1997; O'Leary 1993 ). An increase in vagal activation as well as a decrease in sympathetic activation has been detected during the first few minutes of the recovery (Savin et al. 1982) . It has also been suggested that sympathetic withdrawal is the major contributor to early HR recovery (Kannankeril et al. 2004) . Because HRV recovery has been suggested to be mainly of vagal origin (Martinmäki et al. 2006a) , the results on HR and HRV recovery might have been different.
A limitation of the present study is the small number of subjects. Therefore, the results should be interpreted with caution. Statistical significances might have been different with a larger group of subjects. Power calculations could not be made because of lack of information of interval exercises and HRV.
In summary, despite almost similar minute-by-minute recovery HRV dynamics during the first 5 min of recovery after each interval exercise, significantly lower level of HRV was found after high-intensity exercise. In addition, averaging the HRV values during the first 5 recovery minutes indicated differences in HRV recovery between interval exercises having different bout duration. The results suggest that immediate post-exercise HRV may offer objective information on TL of interval exercises.
